Optical field distributions around individually fabricated subwavelength scatterers mapped with a photon scanning tunneling microscope are presented. The photonic structures are produced from ridge waveguides using focused-ion-beam milling. This flexible technique allows us to make single holes and slits of sizes down to 30 nm. A quantitative analysis of the observed optical pattern due to interference between incoming and reflected light yields insight about subwavelength scatterers in waveguides. We conclude that light scattering into high-loss modes of the waveguide occurs.
The continuing miniaturization of optical components such as routers, lasers, filters 1 or switches 2 imposes two demands on research in the field of lightwave devices. First, photonic structures with details on a subwavelength scale are required. Thus, fabrication techniques working beyond the diffraction limit of light are needed. Second, the investigations, necessary to characterize and understand these structures, require an ever-increasing accuracy. Since subtle manipulation of interference effects plays an increasing role in the functionality of lightwave devices, small variations in geometry can have large effects on the light propagation. It is, therefore, desirable to complement conventional input/ output experiments with investigation methods that map the optical field distributions inside the structure.
Photon scanning tunneling microscopy ͑PSTM͒ is a powerful technique to investigate the optical field distributions in photonic structures. [3] [4] [5] [6] [7] [8] [9] This nondestructive technique allows optical details with a resolution beyond the diffraction limit to be determined. In addition, the topography of the photonic structure is measured simultaneously with the optical information. So far, structures that have been investigated with PSTM include waveguides, 4 junctions, 5 and microcavities. 6 PSTM has also been performed on smaller structures, where the optical intensity was measured around particles that had been deposited on a glass surface. 7, 8 Recently, direct imaging using a near-field optical microscope of the spatial modes inside a one-dimensional photonic crystal has been reported. 9 These days, many planar subwavelength structures are fabricated with electron-beam lithography ͑see, for example, Refs. 10-13͒. This powerful technique requires highly skilled operators and several fabrication steps. An alternative technique is focused-ion-beam ͑FIB͒ milling. With FIB milling, no resist is required and a proficient operator can directly fabricate structures with a high degree of flexibility.
Here, we present subwavelength photonic structures like holes and slits in waveguides fabricated by FIB milling. PSTM measurements of the light fields around these scatterers have been performed with an optical resolution of 50 nm. A quantitative analysis of the observed interference pattern indicates a significant scattering into so-called ''leaky modes.''
The operating principle of a photon scanning tunneling microscope, which is a specific type of near-field scanning optical microscope, is based on the frustration of the evanescent fields above an optical structure. For this, a tapered and coated fiber probe with a subwavelength aperture 14 is approached to within ϳ20 nm. The evanescent light above the waveguide structure is converted into a propagating wave of the optical fiber and is subsequently detected by a photomultiplier tube. In order to image the optical field distributions of a sample, the fiber probe is kept at a constant distance above the surface by a shear-force feedback system. [15] [16] [17] [18] Thus, the topographical image of a structure is obtained by recording the applied voltage of the height piezo. The lateral topographical resolution is of the order of the diameter of the probe end face, whereas the optical resolution is determined by the aperture size of the probe. The aluminum coating of the fiber probes reduces in-coupling of scattered, nonevanescent light, originating from the structure under investigation, into the sides of the probe. The importance of the coating layer for the investigation of strongly scattering structures has recently been confirmed by computer calculations. 19 The basis for all our structures is a Si 3 Figure 1 shows two examples of subwavelength structures produced with the FIB. The two images were acquired by scanning the ion beam over the surface with an ion current of 12 pA and collecting secondary electrons coming from the sample. For the fabrication of the slit ͓Fig. 1͑a͔͒, a beam current of 4 pA and an exposure time of 57 s were used. The hole ͓Fig. 1͑b͔͒ was produced with an exposure time of 5 s. Note that care needs to be taken while imaging with the FIB in order to prevent unwanted damage to the sample. PSTM measurements of a waveguide containing a single slit are shown in Fig. 2 . In the topographical image ͓Fig. 2͑a͔͒, both the ridge waveguide and the slit are clearly visible. The measurements show a height resolution of 0.5 nm and a lateral topographical resolution better than 50 nm. The optical image ͓Fig. 2͑b͔͒ shows an interference pattern, consisting of high-and low-intensity stripes perpendicular to the propagation direction of guided light in the waveguide. In effect, it is a standing wave resulting from the interference between incoming ͑from top to bottom in the image͒ and backscattered light. Just in front of the slit itself, an increased intensity is observed. We attribute the first intense ''fringe'' to light that is scattered directly into the probe aperture by the slit. Measurements with uncoated fiber probes contained so much of this stray light that investigations in a region of 680 nm around the slit were impossible. Further, Fig. 2͑b͒ shows that some light is transmitted through the slit and reappears as a guided mode in the waveguide after the slit.
The graph shown in Fig. 3͑a͒ is generated by summing up 80 line traces of the optical image ͑line traces are taken parallel along the waveguide͒. The averaged intensity decay of light before the slit excluding the first maximum in Fig.  3͑a͒ can be fitted with an exponential decay of e Ϫ␤x , with ␤ϭ10 m Ϫ1 . The modulation depth M of the interference pattern is given by M ϭ(I max ϪI min )/(I max ϩI min ). For positions more than 3 m in front of the slit, the modulation depth is found to be 0.7. This would correspond to an amplitude reflection coefficient of 41%. However, closer to the slit, the modulation depth is less ͑0.45 at 2 m from the slit͒. The decrease in modulation depth closer to the slits indicates a reduced degree of coherence compared to the coherence found further from the slit.
A Fourier transformation ͓Fig. 3͑b͔͒ of a range of 10.5 m of the intensity graph in Fig. 3͑a͒ ͑boxed area͒ shows a strong peak corresponding to a periodicity of 216 ͑Ϯ2͒ nm. The observed periodicity of 216 nm corresponds well to half of the calculated wavelength of the TE 00 mode ͑216.2 nm͒ in our Si 3 N 4 structure, because light of HeNe, vacuum ϭ632.8 nm has a wavelength of 432.4 nm ͑n eff ϭ1.4636͒. This indicates that the observed interference pattern is indeed dominated by a standing wave set up by reflected and unreflected TE 00 modes. However, at lower spatial frequencies additional peaks are visible, as indicated by arrows in Fig. 3͑b͒ .
We attribute the reduced modulation depth closer to the slit, the exponential decay of the average intensity, and the peaks at lower spatial frequencies to the existence of socalled ''leaky modes'' propagating in the direction opposite to the incoming light. These ''leaky modes'' have different wavelengths than the TE 00 mode and are not supported by the waveguide itself. They, therefore, have a high loss rate, which would explain the exponential intensity decay. Their different wavelengths also lead to the decreased coherence ͑lower modulation depth͒ observed close to the slit. To verify the existence of ''leaky modes,'' we have calculated the interference length between the theoretically calculated ''leaky modes'' with the incoming fundamental TE 00 mode of the waveguide. The arrows in Fig. 3͑b͒ indicate three theoretically calculated interference lengths. The height of the indicated peaks decreases with increasing distance from the slits. This confirms the high-loss rates associated with the ''leaky modes.'' Thus, apparently the scattering of light, probably due to roughness or the edges of the slit walls, excites these modes. In all probability, the low spatial frequency peaks also contain a contribution due to interference of light above the waveguide with light inside the waveguide. The observation of light scattering into ''leaky modes'' exemplifies the power of PSTM to identify local properties of optical fields inside a structure, which would not be observed by conventional input/output measurements.
PSTM is presented as a powerful technique for characterizing photonic structures. PSTM measurements on optical waveguides containing subwavelength scatterers like holes and slits are shown. Simultaneous with the topography, the optical field distributions are mapped with a resolution of 50 nm. We showed that by focused-ion-beam milling nanometer-scale details could be successfully fabricated. A quantitative analysis of the interference pattern around subwavelength scatterers indicates-in addition to the expected standing-wave pattern-scattering into ''leaky modes.'' This work is part of the research program of the ''Stichting for Fundamenteel Onderzoek der Materie ͑FOM͒,'' which is financially supported by the ''Nederlandse Organisatie voor Wetenschappelijk Onderzoek ͑NWO͒.'' C. van Os is gratefully acknowledged for the fabrication of the waveguides.
